This research aims to detect cement grouting defects in corrugated pipes using the ultrasonic impact-echo method. A combined signal processing technique that included de-convolution technique, information entropy and cross-correlation were proposed to identify and characterize defects. Several numerical models were constructed to simulate and analyze the results using the finite element method. The stripping size of the defects in the corrugated pipe was recognized by analyzing the information entropy and correlation coefficients of the echo signals. Experiments were carried out on a concrete specimen containing artificial defects with varying stripping sizes and numbers of elements. The experimental results were consistent with the simulated predictions.
Introduction
Unsatisfactory corrugated pipe grouting quality in bridges can lead to serious accidents. Corrugated pipes are widely used as reserved channels in post-tensioned, pre-stressed beams. The steel strands are the key load-carrying components in corrugated pipes. With high strength and low relaxation, steel strands exert pre-stress to strengthen concrete structures, such as high-rise buildings and suspension bridges (Beben 2011) . The cement grouting is one of the most critical processes. Poor corrugated pipe grouting quality will result in malfunction of the steel strands and safety accidents.
Some researchers have developed a method to detect inner defects using ultrasonic guided waves to monitor the propagation velocity, stress levels and energy intensity variations in pre-stressed steel strands (Delvasto et al. 2010; Chaki and Bourse 2009) . However, ultrasonic guided wave methods is relative suitable for poor quality of grouting, which can cause more difference, besides, it is unable to provide the exact position or size of the grouting defects. The ultrasonic pulse-echo method is widely used in ultrasonic nondestructive tests in concrete construction (Liang and Su 2001) . A method based on empirical mode decomposition using the Hilbert Huang transform was proposed to decompose the echo signals into internal model functions. Fourier transform was then used to analyze the functions in the time and frequency domains (Lin et al. 2009 ). Although many information process methods have been successfully applied to test concrete structures, very few provide satisfactory data for assessing the internal defects in corrugated pipes because the weak signals reflected by grouting defects are generally impossible to discern in the background due to the strong scattering from the concrete. In this paper, a combination signal processing technique using the information entropy and cross-correlation was proposed for identifying grouting quality.
Problem presentation
The post-tensioned concrete structure is generally composed of four parts: the concrete block, in which the deformed steel bars are usually poured to improve strength; the corrugated pipe, which is made up of metal or plastomer and used as a reserve channel; the cement paste, which is used to consolidate the grouting;, and the steel strands, which can improve the lifespan of the concrete structures. Figure 1 displays the configuration of the concrete structure with a corrugated pipe. The corrugated pipe is located in the middle and the steel strands are fixed inside the corrugated pipe. After the steel strands are pre-stressed, the cement paste is grouted into the corrugated pipe to provide support force for the steel strands. This structure is rather complicated. To collect impact-echo signals, the acoustic wave should traverse the concrete block and the corrugated pipe before reflecting along the same path after encountering the un-grouted defect. The desired signals are rather weak because of the strong scattering of the concrete and the pipe. Thus, identifying these signals and excluding their effects is vital to the problem.
Finite element simulation

Numerical modeling
To avoid long time calculations of 3D model, the contractible 2D model with proper boundary conditions instead is designed as can be seen in Fig. 2 . It shows the top view of the 3D model. The model is a 140 cm x 30 cm rectangle, with an external diameter of the corrugated pipe of 9 cm and a thickness of 0.3 cm. The diameter of a steel strand is 1 cm. The model is divided into 7 sections from P0 to P6. The excitation and receiving location are on the same side of each section to receive the echo signal. The distance between the transducer and the receiver is 5 cm. The diameter of transducer is 1cm, and the receive signals can be collected on some points location directly. Different sizes of defects in the corrugated pipes were designed. The detailed sizes are listed in Table 1 . The parameters of the medium used in the simulation are shown in Table 2 . The time step is 6×10 -7 s, and the mesh size is 0.05cm. The excitation signal is modulated by the Hanning function according to
Where, f represents excitation frequency and t0 represents pulse width. f =200 kHz and t0=10μs.
In Table 2 , the steel AISI 4340 is a kind of high-strength and low-alloy steel and all simulation are performed by comsol multiphysics Figure 3 shows the characteristics of the impact-echo signals. The transient response of a signal for P0 is presented in Fig. 3(a) . Considering that the excitation and receiving positions are located on the same surface, the first three waves should correspond to the head wave (lateral wave), the shear wave and the surface wave (Rayleigh wave), which have nothing to do with the research problem. The later waves are the reflected P-waves and S-waves from the corrugated pipe, the defects, the concrete boundary and other structures.
Analysis of the pulse-echo signal
The grouting information is hidden in the 60μs to 160μs time range, corresponding to the area from the front wall of corrugated pipe to the bottom of concrete structure. To avoid information loss, the time of signal extends to 200μs. However, it is difficult to judge which waves correspond to defect reflections. The truncated transient response in seven sections (from P0 to P6) with an amplitude offset used to elide the 0-60μs wave form (the first three waves) is shown in Fig. 3 (b) . These waveforms are very similar to each other and difficult to separate from P0 to P6. In the frequency domain shown Size in X 0.03 cm 0.06 cm 3 cm 6 cm 9 cm 12 cm Size in Y 0.02 cm 0.04 cm 2 cm 2 cm 2 cm 2 cm Fig. 3 (c) , it is also difficult to discern differences among the waveforms. Compared with the stronger scattering of corrugated pipes (particularly for metal pipes), the expected signals caused by the defect are very weak. The key problem is how to exclude the influence of the corrugated pipe and obtain useful information pertaining to the defects.
Procedures 3.3.1 Technology procedure
The echo signals containing internal information from the specimen can be collected by a receiver after the transducer transmits the ultrasonic signal. Each echo signal includes a wealth of internal information of the concrete structure. We must isolate the information that we need to distinguish the defects. There are differences in the system signals between structure with no defects and structures containing defects. We can treat the concrete specimen as a system. The flowchart for the technology procedures for echo signal processing is shown in Fig. 4 . The truncated echo signal Y(t) (excluding the surface waves) is processed by excitation signal S(t), which can be used for de-convolution with Y(t) to achieve the system signal N(t). Then, the processes of information entropy and cross-correlation are applied to describe the grouting quality.
System signal
Treating the test concrete specimen as a system, the echo signal Y(t) can be expressed as
where S(t) is the excitation signal, " * " represents the convolution operation and N(t) indicates the system signal that refers to a signal that excludes the excitation effect. The system signal N(t) can then be obtained by de-convolution (Lavrentyev and Beals 2000) . In the actual measurements, excitation signal is defined as S(t), the system signal N(t) can be obtained using
where, " ⊗ " means de-convolution operation.
Process of wavelet entropy
The entropy H(X) of a single discrete random variable X is a measure of its average uncertainty. In statistical mechanics, entropy is essentially a measure of the number of ways in which a system may be arranged, often taken to be a measure of "disorder" (the higher the entropy, the higher the disorder). The overall degree of complexity of a signal is evaluated by considering the entropy values, and entropy also can indicate the instability of system (Perez-Canales et al. 2011; Jaynes 1982; Biatynicki-Birula and Mycielski 1975) . Regarding the "no-defect" area as a homogeneous (not concentrated or disorderly) system, that also means disorder. And in the "defects" area, the homogeneity will be interfered so that the "defects" system will represent certain regularity (concentrated or orderly). The more the system state is concentrated (ordered), the lower the information entropy value will be (Biatynicki-Birula 1975) . Information entropy can be used to reveal a system's disorder, instability, uncertainty and imbalance. Accordingly, an existing defect in a corrugated pipe in a concrete structure will cause a change in the information entropy of the system. The mathematical definition of information entropy is , , n P p p p = indicates the probability of occurrence of each state (Shannon 1948) .
In the wavelet spectrum, i P is the probability of each component energy value of the last grade, which is obtained by multi-resolution analysis (MRA). Assuming that whole E is the total energy of the wavelet spectrum, we have A . The system signal in the simulation is processed using the wavelet entropy, as shown in Fig. 5 . The wavelet entropy is largest when there are no defects. It decreases as a function of the defect size, which implies that defect size is related to uncertainty in the energy of the echo signal in the information spectrum. Greater differences in defect size lead to greater differences in wavelet entropy. Although wavelet entropy can provide some information about the defects, there is still much uncertain to the difference of detects. Therefore, it should be combined with another method to judge defects more accurately. In this study, we also used the cross-correlation method.
Process of cross-correlation
In the field of signal processing, cross-correlation is used to represent the similarity between two signals. Typically, it is used to detect features in an unknown signal by comparison with a known signal. When inspecting grouting quality, the echo signal collected from the area with no defects is considered the reference signal. That is, the system signal of this area (N ref (t) ) also acts as a systemic reference signal (REF) . The cross-correlation function represents the degree of correlation between signal N ref (t) and signal N i (t), which is considered the system signal of a certain area at an arbitrary time t according to
The normalized cross-correlation coefficient is and C i (0) corresponds to N i (t) (Laasri et al, 2014; Wan and Wu 2013) . Through the cross-correlation process, the influence of the corrugated pipe and the concrete block can be excluded. Any difference may give an expression of the defects. If the system signal of the P0 section is chosen as the reference signal, the cross-correlation coefficient between it and the other signals can be plotted as shown in Fig. 6 (a) . The cross-correlation coefficient decreased as a function of defect size, i.e., a greater coefficient indicates a larger defect. This can be used to identify defects and their relative sizes. The results from the signals from P1 or P2 (two relative small defects), which were used as references, are shown in Fig. 6 (b) . The cross-correlation coefficients for P0, P1 and P2 are very close to one another (Proximity-1), and their other characteristics are similar to Fig. 6(a) , implying that selecting any one echo signal using a small defect as a reference signal N ref (t) does not influence the judgment, which is advantageous for actual testing.
However, in the actual measurement, we do not know which signals correspond to the no defect areas. The information entropy, however, provides a way to judge. Using the signal of the maximum value of the information entropy as a reference, the signal is either from the no-defect area or an area close to a perfect section.
In conclusion, for an actual testing process, all of the echo signals are first processed by de-convolution method to obtain the system signal. Through information entropy analysis, the signal with the maximum value is then chosen as the reference signal. Then, the cross-correlation coefficient is measured to identify the size difference of the defect. Although the accurate defects sizes are still not known, the combined method has the ability to provide an effective path for evaluating the grouting quality.
Experiment
Actual model
To verify the results obtained from the numerical analyses, experimental studies using an actual model were performed. The corrugated pipe concrete specimen had a size of 2.6 m x 0.5 m x 1 m and contained an internal corrugated pipe with an inner diameter of 69 mm, a wall thickness of 3 mm and a length of 2.6 m, as shown in Fig.  7 . Figure 7 also shows the top view of the actual model. Four different types of defects were designed in the specimen. Their detailed sizes are listed in Table 3 .
The echo signals were collected from positions A to F. A high-power pulser that we designed, with 200 kHz and 200 kW, was used to excite ultrasound through the transducer. The distance between the transducers was 5 cm.
Analysis and results
A typical echo signal collected during actual testing is shown in Fig. 8 . A distinct transient response was observed, which was similar to the simulated response shown in Fig. 8(a) . Several obvious reflected waves were clearly identified. High-frequency signals (>250 kHz) were absorbed for strong scattering, according to Fig.  8(b) . Size in Y 4.14 cm 4.14 cm 4.14 cm 4.14 cm After collecting excited signal by oscilloscope, using the wavelet entropy technology mentioned above, the wavelet entropy values of the seven sections are displayed in Fig. 9(a) . The wavelet entropy value in section A and F are obviously the largest because there were no striping defects. By selecting the signals from either section A or section F as REF, we were able to use the correlation method to obtain the stripping size information from the other defects, as shown in Fig. 9(b) . The stripping size, where B<C<D<E, was in accordance with the model design. The relative defect size was successfully identified.
The experimental results are in good agreement with the theoretical simulations, indicating that the combined signal processing technique of de-convolution, information entropy and cross-correlation can be used for qualitatively evaluating grouting quality.
As an example, a field measurement was conducted on a concrete structure, as shown in Fig. 10 (a) . Using the methods discussed above, the bad grouting was obviously identified, as shown in Fig. 10 (b) , by drilling examination in the concrete, the feasibility of the method is demonstrated. However, additional actual measurements need to be performed to improve the measurement accuracy and precision, particularly for relatively small defects. 
Conclusion
In this paper, an application of the impact-echo technique and a combined signal processing method based on wavelet entropy and cross-correlation were presented for analyzing corrugated pipe grouting. Simulations and experiments were carried out to assess the effectiveness of the proposed NDT method. The simulation of sound field in the corrugated pipe demonstrated complex wave propagation characteristics that masked the grouting defects. The echo signals are first processed using de-convolution technology to extract the system signals. Using the wavelet entropy, the reference signal (REF) can be obtained by selecting the signal with the maximum entropy value. Then, the cross-correlation coefficients are used to evaluate the grouting quality. A concrete specimen containing some artificial defects (different stripping size) was used to test the theoretical predictions, and fairly good agreement was obtained. A field measurement was also conducted to demonstrate the feasibility of the method. In fact, the grouting quality detection is a very complicated problem, as a kind of exploration, the proposed method has its limitation and ought to combine other methods to finish synthetic judgment. Further work to combine other methods and determine quantitative criteria for different sized defects will be necessary to make this work more widely applicable.
